The common brewery contaminant Citrobacter freundii has been used to investigate how oxygen, nitrate and glucose concentrations determine the growth rates, cell yields, the flux of metabolites and the rates of synthesis of tricarboxylic acid cycle enzymes and terminal electron transfer pathways. The growth rate was inhibited for 4 or 8 h when anaerobic batch cultures were either supplemented with nitrate or aerated, respectively. The subsequent exponential growth rates and yield coefficients were greater than in unsupplemented anaerobic cultures, but glucose was only partially oxidized to organic acids even in the most vigorously aerated cultures. The least active enzyme of the tricarboxylic acid cycle was succinate dehydrogenase, and although there were large differences in individual cytochrome concentrations and NADH oxidase activity between aerated and anaerobic cultures, only small differences in 2-oxoglutarate dehydrogenase activity were detected. Similar results were obtained with sulphate-limited continuous cultures, but in a glucoselimited continuous culture, succinate dehydrogenase activity was derepressed 12-fold and the yield coefficient increased 7.5-fold during aerobic growth.
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The common brewery contaminant Citrobacter freundii has been used to investigate how oxygen, nitrate and glucose concentrations determine the growth rates, cell yields, the flux of metabolites and the rates of synthesis of tricarboxylic acid cycle enzymes and terminal electron transfer pathways. The growth rate was inhibited for 4 or 8 h when anaerobic batch cultures were either supplemented with nitrate or aerated, respectively. The subsequent exponential growth rates and yield coefficients were greater than in unsupplemented anaerobic cultures, but glucose was only partially oxidized to organic acids even in the most vigorously aerated cultures. The least active enzyme of the tricarboxylic acid cycle was succinate dehydrogenase, and although there were large differences in individual cytochrome concentrations and NADH oxidase activity between aerated and anaerobic cultures, only small differences in 2-oxoglutarate dehydrogenase activity were detected. Similar results were obtained with sulphate-limited continuous cultures, but in a glucoselimited continuous culture, succinate dehydrogenase activity was derepressed 12-fold and the yield coefficient increased 7.5-fold during aerobic growth.
It is concluded that the major determinant of the potential tricarboxylic acid cycle activity is catabolite repression of succinate dehydrogenase synthesis rather than oxygen induction of 2-oxoglutarate dehydrogenase. Synthesis of 2-oxoglutarate dehydrogenase was derepressed, possibly by glutamate or by traces of oxygen in the gas used to sparge the culture during anaerobic growth.
I N T R O D U C T I O N
Inorganic electron acceptors such as oxygen and nitrate markedly alter the metabolism of micro-organisms which are able to grow anaerobically (Krebs, 1937 ; Pichinoty, 1963 ; Gray et al., 1966a; St John et al., 1974; Cavari et al., 1968; Yamamoto & Ishimoto, 1975) . Some of the many effects observed have been changes in cell yield, respiratory activity, enzyme activity, haemoprotein concentration and metabolic by-products. Although most studies have been concerned with the facultatively anaerobic bacteria Escherichia coli and Klebsiella aerogenes, many of the data are conflicting and little is known about how protein synthesis is controlled at the molecular level in response to the availability of terminal electron acceptors. Furthermore, few attempts have been made to correlate the in vitro activity of a particular enzyme with the quantity of its product that is formed in vivo.
Citrobacter freundii is taxonomically closely related to E. coli (De Graaf & Stouthamer, 1971) . It is a significant spoilage micro-organism in brewers' wort in which it must adapt to an anaerobic environment during the yeast fermentation. This transition is complicated by the presence of nitrate and high concentrations of glucose in brewers' wort (Weiner et al., 1975; Hough et al., 1971) . Glucose (or catabolite) repression is a well-documented Aerobic and anaerobic growth of C. freundii 85 determined under optimal conditions of pH and substrate concentration, as described by Keevil et al. (1977a) . Lactate dehydrogenase activity (EC 1.1.1.27) was determined by measuring the rate of oxidation of NADH by pyruvate: assay cuvettes contained 0.25 mM-NADH, 1.5 mM-sodium pyruvate and 30 to 50 pg soluble protein extract in 1 ml50 m-potassium phosphate pH 6.5. Higher concentrations of pyruvate were slightly inhibitory. Pyruvate was added last to initiate the reaction. The three-component 2-oxoglutarate dehydrogenase complex (EC 1 .2.4.2) was assayed using a modification of the method of Reed & Mukherjee (1969) . Concentrations of 2-oxoglutarate above 1.5 mM were inhibitory, especially with more than 6 m-NAD+. Assay cuvettes therefore contained 1 mM-MgCl,, 60 ,mi-coenzyme A, 0.2 mM-thiamin pyrophosphate, 3 mwcysteine hydrochloride, 4 ~M -N A D + , 1 mMpota2sium 2-oxoglutarate and 0.6 to 1.0 mg soluble protein in 1 ml50 mM-potassium phosphate pH 7.5. The reaction was started by adding 2-oxoglutarate.
Citrate synthase (EC 4.1 .3.7), fumarate hydratase (EC 4.2.1 .2) and isocitrate dehydrogenase (EC 1.1.1.42) were assayed as described by Weitzman (1969) , Ochoa (1955) and Massey (1952) , respectively. Alcohol dehydrogenase (EC 1.1.1.1) activity was determined as described by Kersters & De Ley (1966) except that the ethanol concentration was 0.5 M.
Several of the enzymes of the tricarboxylic acid cycle from C. freundii were inhibited by high concentrations of substrates and coenzymes : the assay conditions specified above therefore differ significantly from those used in previous studies (Gray et al., 1966~) .
Cytuchrurne spectra. Difference spectra of membrane-bound protein (3 to 9 mg ml-l) and soluble protein (10 to 20 mg ml-l) fractions diluted in 0-1 M-potassium phosphate pH 7.0 were recorded at room temperature with a Unicam SP1800 or Perkin-Elmer 356 spectrophotometer at an absorbance range of 0 to 0.01,0.03 or 0.1. Samples (2-5 ml) were reduced by adding a few grains of sodium dithionite or oxidized by adding a small crystal of potassium ferricyanide, and their difference spectra between 490 and 650 nm were recorded. Samples which were to be oxidized with a crystal of NaNO, were first reduced with a few grains of sodium dithionite. Carbon monoxide spectra were recorded as described by Cole & Rittenberg (1971) with samples reduced with sodium dithionite. Difference spectra between 390 and 480 nm were recorded with samples treated repeatedly with carbon monoxide until no further increases in peak heights were observed. The millimolar absorption coefficients used to calculate the concentration of each cytochrome were 60 for the cytochrome al-CO chromophore (Smith, 1955) , 80 for cytochrome o-CO (Taber & Morrison, 1964) , 16 for cytochrome al (Chance, 1961) , 24.6 for cytochrome b,,, (Hager & Itagaki, 1967) , 17.5 for other b-type cytochromes, 8.5 for cytochrome d (Jones & Redfearn, 1966) and 24.1 for cytochrome cSs2 (Fujita, 1966) . Peak heights were measured as described by these authors.
Chemical estimations. Nitrite and nitrate were assayed colorimetrically by the methods of Radcliffe & Nicholas (1968) and Szekely (1967) , respectively. No colour developed when less than 20 nmol nitrate was added to assay tubes, but for larger samples up to 80 nmol nitrate the colour intensity was directly proportional to the quantity of nitrate added: 20 nmol potassium nitrate was therefore added to all assay tubes, including the reagent blank.
The dissolved oxygen concentration was measured with an oxygen electrode (Electrode Instruments, Richmond, Surrey).
Acetate and ethanol were determined by gas-liquid chromatography. Bacteria in samples of the culture were sedimented by centrifuging at 15000 g and 4°C for 10 min, and 9 ml of the supernatant was mixed with 1 ml 3 M-polyphosphoric acid. After 20 min at 18 to 20"C, precipitated protein was removed by centrifuging. Samples of the supernatant fluid (0.5 pl) were injected on to a Tenax-GC column (1.6 m x 3 mrn diam.; Enka, Holland) in a Pye 104 model 24 chromatograph equipped with a flame ionization detector. The column temperature was 125 "C and the flow rate of N2 carrier gas was 30 ml min-l. Peak heights were proportional to the quantity of ethanol and acetate in the injected sample.
Carboxylic acids in the deproteinized culture fluid were methylated with BF,-methanol complex prior to quantification by gas-liquid chromatography (Harmon & Doelle, 1969) . Samples (5 pl) of chloroform extracts of the esters were injected on to a polyethylene glycol succinate column (glass, 1.6 m x 3 mm; Phase Separations, Rock Ferry, Cheshire). The flow rate of N2 carrier gas was 20mlmin-l. A typical programme consisted of holding the initial column temperature at 60°C for 2 min to allow the detection of methyl formate, then increasing the temperature by 10 "C min-l to detect pyruvate, lactate, fumarate and succinate esters, and finally holding the temperature at 165°C for 15 min to detect methyl esters of 2-oxoglutarate, isocitrate and citrate. Standard solutions of salts of each acid were methylated in parallel with test samples, and linear calibration curves were constructed to relate peak heights to the quantity of methyl estet injected.
Carbon dioxide evolved during growth in the 101 batch fermenter was estimated by passing effluent gases through two 250 ml Dreschel bottles containing 100 m12 M-KOH. Finely sintered glass diffusers were incorporated into these C 0 2 traps to provide efficient sparging. The concentration of bicarbonate ion in 86
5 ml samples of the KOH was determined at intervals during growth by pipetting duplicate 0.1 to 2.0 ml samples into Warburg manometers and adding 1 m15 M-H,SO, to the side arm. When the manometers had equilibrated at 30°C, the H,SO, was tipped into the KOH sample and the volume of CO, evolved was determined. Littl!: C 0 2 was evolved when the KOH samples were replaccd by 5 ml samples of the culture supernatant.
Ammonia was determined as described by Muramatsu (1967) with NH,Cl as a standard, and protein concentrations were determined by the Folin method with bovine serum albumin as the standard (Lowry et al., 1951) .
Glucose could not be assayed by the glucose oxidase method because of interference by unidentified compounds in some, but not all, cultures: the method of Dubowski-(1962) was therefore used. The Folar growth yield ( Yglucose) was calculated by dividing the increase in the concentration of bacterial dry weight by the decrease in glucose conccntration. Note that differences in YglucoRe between cultures are not necessarily paralleled by differences in the percentage of glucose-carbon which was calculated to be incorporated into cell carbon (Tables 1 and 5 ). Apart from experimental errors, which were of the order of 1 ?A for each determination, these data are subject to different types of systematic error. Yglucose values are calculated from dry weight estimations, which in turn are derived from calibration curves relating the culture turbidity to the concentration of bacterial dry weight. Although calibration curves constructed for aerobic and anaerobic batch cultures were superimposable, the assumption that a similar relationship would apply for each of the culture conditions used was not verified. In contrast, the percentage of glucose-carbon converted into cellular carbon would be overestimated for any continuous culture in which a significant fraction of e l l carbon was derived from CO, in the gas supplied to the culture.
Reproducibility of the &a. Each column of data in the Tables is for a single batch culture or continuous culture steady state. The reproducibility of data from independent cultures has been documented by Keevil et al. (1977a, b) . Duplicates of enzyme assays other than NADH oxidase agreed to within 106; replicate NADH oxidase activities and cytochrome determinations agreed to within 5 %. All chemical estim9tjons except nitrate and protein assays were duplicated, and duplicates agreed to within 1 %. Nitrate and protein assays were triplicated and the range of measured values was less than 5 % of the mean for protein and 10% of the mean for nitrate.
RESULTS

Adaptation from aerobic to anaerobic growth in batch culture
Growth rates. The complexity of the transition from anaerobic to aerobic growth became apparent from preliminary experiments in which cultures of Citrobacter freundii which had been grown anaerobically for 16 h in supplemented minimal medium were transferred into similar medium and aerated. For comparison, further cultures were incubated anaerobically with or without nitrate. Initially, the aerated culture grew with the lowest specific growth rate of 0.057 h-l, but after 8 h this increased to 0.57 h-l (Fig. 1 a) . The initial specific growth rate of the anaerobic culture supplemented with nitrate was 0.11 h-l, but this increased after 4 h to 0-21 h-l. Thus, although the ultimate growth rate increased with increasing redox potential of the culture, there were corresponding decreases in the initial growth rates and increases in the lag before the optimal growth rates were obtained. These lag phases were possibly due to inactivation of fermentative metabolic processes by oxygen or nitrate before respiratory metabolism could commence.
In subsequent experiments, when pure O2 was passed into the 10 1 fermenter at a rate of 1 1 min-1, exponential growth commenced immediately at a rate of 0.26 h-l (Fig. 1 b) . After 2 h, the aeration rate was increased to 5 1 0,min-l and the specific growth rate increased to 0.495 h-l. The specific rates of exponential growth of cultures grown anaerobically with or without nitrate were 0.69 and 0.495 h-l, respectively. Although the anaerobic growth rates were faster in the stirred fermenter than in unstirred flasks, the aerobic growth rate was slower even with the highest rate of aeration. The extended period of exponential growth in the aerated cultures suggests that growth was not oxygen-limited.
Analysis of fermentation products and the establishment of carbon balances. Substantial concentrations of acetate, ethanol, formate, pyruvate, lactate and succinate accumulated during anaerobic growth without nitrate: these products are typical of a mixed acid fermentation. However, large quantities of partial oxidation products of glucose metabolism Aerobic and anaerobic growth of C. freundii 87 Fig. 1 . Effect of inorganic electron acceptors on the anaerobic growth rate of C. freundii. In (a), bacteria were first grown anaerobically in 100ml of supplemented minimal medium, pH 6.5, at 37°C for 16 h. The exponentially growing culture provided a 1 yo (v/v) inoculum for 100 ml of similar medium, either in 100 ml conical flasks for anaerobic growth (0) or anaerobic growth with 50 mM-KNO, (0), or in sterile 250 ml conical flasks for aerobic growth in a shaking waterbath ( 0 ) . In (b), 20 ml inocula in aerated nutrient broth were transferred to 500 ml of supplemented minimal medium, incubated for 16 h at 37°C and then transferred into 10 1 of similar medium in the stirred fermenter: 0, anaerobic culture without nitrate; 0, anaerobic culture with 80 mwnitrate; 0 , aerated culture sparged with 1 1 0, min-1; ., aerated culture sparged with 5 1 0, min-I. I n both (a) and (b), the initial glucose concentration was 20 mM.
were also formed during aerobic growth or during anaerobic growth with nitrate, and rates of glucose utilization and soluble product formation increased exponentially during exponential growth. Standard solutions of acetoin, 2,3-butanediol, propionate and butyrate were readily resolved by the gas-liquid chromatographic procedures used, but none of these compounds was detected in the spent growth medium. No methylglyoxal was detected in any culture: because only a small fraction of the metabolized glucose remained unidentified, no further attempts were made to identify minor products. The percentage of glucose-carbon recovered at the end of exponential growth as biomass or in soluble fermentation products averaged 97 yo for cultures grown anaerobically and 90% for cultures grown aerobically ( Table 1 ). In the latter case, no attempt was made to measure the quantity of CO, evolved: this was probably the reason for the incomplete carbon recovery. Glucose was still detectable in the culture at the end of exponential growth: it was not, therefore, the growth-limiting factor. The percentage of glucose-carbon incorporated into biomass increased when inorganic electron acceptors were present : for anaerobic cultures supplemented with nitrate, this amounted to 34%, or approximately twice that of cultures grown without nitrate. Rapid sparging rates with pure oxygen were required to obtain an even greater conversion of glucose-carbon into biomass in aerated cultures : at a flow rate of 1 1 pure 0, min-l, biomass production accounted for only 30 % of the culture carbon, but this increased to 40 o o when the oxygen flow rate was Slmin-l. The evolution of CO, accounted for only a small percentage of the carbon in cultures sparged with 'white spot' N,, but this low figure might reflect the demand by bacteria for CO, for carboxylation reactions. More CO, was evolved during anaerobic growth with nitrate, however, and the percentage of carbon accumulating as formate, one of the precursors of COz in anaerobic metabolism, was lower in nitratesupplemented cultures than in unsupplemented cultures ( Table 2) . No formate was detected in aerated cultures. During anaerobic growth without nitrate, ethanol and acetate accounted for the largest percentage of the supernatant carbon, together with pyruvate, lactate and succinate. In contrast, cultures supplemented with nitrate produced less pyruvate, succinate and, especially, lactate : although far less ethanol accumulated, there was a corresponding increase in the concentration of acetate. In addition, similar quantities of ethanol and acetate were found in poorly aerated cultures and in the nitrate-supplemented cultures, but in the former 33% of the carbon accumulated as pyruvate and succinate, and only 1.5% as lactate. No ethanol and far less acetate and succinate were formed when the aeration rate was increased, but isocitrate, fumarate and malate now accounted for a significant percentage of the metabolized carbon.
Enzyme activities and cytochrome concentrations after growth in batch culture. Activities of every enzyme assayed were readily detectable in cell-free extracts of bacteria which had been harvested at the end of exponential growth under all four growth conditions ( Table 3) . The least active enzyme of the tricarboxylic acid cycle was succinate dehydrogenase, even though the assay used would have detected the sum of the succinate dehydrogenase and fumarate reductase activities : the latter enzyme was almost certainly responsible for the On: Wed, 12 Dec 2018 03:37:27
Aerobic and anaerobic growth of C. freundii 89 No significant concentrations of cytochromes were detected in soluble cell-free extracts. Cytochromes with absorption maxima at 557,562 and 590 nm were found in the particulate fraction of bacteria which had been grown anaerobically without nitrate: they were tentatively designated cytochromes b,,,, b562 and a,, respectively (Table 4) . Absorption maxima at 414 and 440nm were resolved by carbon monoxide difference spectroscopy: these correspond to cytochromes o and a,, respectively (Lemberg & Barrett, 1973) . Far higher concentrations of a b-type cytochrome with an absorption maximum at 559 nm were detected after anaerobic growth with nitrate, and this prevented the detection of cytochromes b,,, and b,,, : these bacteria also contained a high concentration of cytochrome d. On the basis of published absorption coefficients one can calculate that cytochrome o was the dominant cytochrome oxidase under all three growth conditions (Table 4) . However, the absorption maximum of the cytochrome 0-CO chromophore varied between 414 and 418 nm. The concentrations of cytochromes o and b562 in bacteria grown aerobically were double those in bacteria grown anaerobically.
Nitrogen balance during anaerobic growth with nitrate. Samples of cultures growing anaerobically with nitrate were withdrawn during growth, and the deproteinized supernatant fluids were assayed for nitrate, nitrite and ammonium ions (Fig. 2) . When A,,, had reached 0.72, the concentration of nitrate had decreased by 32 mM but only 23 mM-nitrite had accumulated. Thus, contrary to previous reports that C. freundii is unable to reduce nitrite (Payne, 1973) , 9 mwnitrate had been reduced further than nitrite: because no gaseous denitrification products were detected, it is assumed that this nitrite is reduced to NH4+. The concentrations of individual amino acids in the culture were extremely low, the sum corresponding to less than 1 % of the carbon metabolized. From the overall decrease in the concentration of NH4+ of 14 mM, it can be calculated that 23 mM-N had been assimilated. oxygen. Citrobacter freundii was therefore subsequently grown in vigorously stirred continuous culture with either 60 mwglucose and a growth-limiting supply of sulphate, or with 30 mM-glucose and excess sulphate. In the former case, the cell density doubled when the concentration of sulphate in the feed medium was doubled, and excess glucose was readily detected in the spent culture medium. Conversely, no glucose was detected in the spent medium from the glucose-limited steady states, and the cell concentration decreased by 50 % when the glucose concentration in the feed medium was reduced to 15 mM. Aerobic and anaerobic steady states were established, as well as anaerobic, sulphate-limited steady states with media supplemented with 20 mM-KNO, or 20 ~M -N~N O , . Fermentation products and carbon balances during continuous growth. Almost all of the 60 mwglucose supplied to the sulphate-limited cultures was metabolized ( Table 5) . Yields from glucose were only slightly higher in the aerated culture or in anaerobic cultures supplemented with nitrate or nitrite than in the unsupplemented anaerobic cultures, but were far higher in the aerated glucose-limited cultures. Conversely, only low concentrations of soluble organic acids accumulated in the aerated, carbon-limited cultures, and 36% of the input carbon was evolved as volatile products (presumably as CO,).
Aerobic and anaerobic metabolism by glucose-or sulphate-limited continuous cultures
The major fermentation products in both types of unsupplemented anaerobic culture
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were acetate, ethanol and succinate, and, as in the previous batch cultures, the concentration of ethanol decreased and acetate increased'when nitrate or nitrite was supplied. Neither nitrate nor nitrite was detected in the spent culture fluid. Only traces of identifiable fermentation products were detected in the aerated, carbon-limited culture. High concentrations of acetate, malate and, especially, pyruvate accumulated in the aerated, sulphatelimited culture, essentially similar to the data for the most vigorously aerated batch culture (compare Tables 2 and 6) . Enzyme activities and cytochrome concentrations. All of the enzymes assayed were sufficiently active to be detected in bacteria after growth in glucose-or sulphate-limited continuous culture, and, as in the preceding batch culture experiments, the least active enzyme of the tricarboxylic acid cycle was succinate dehydrogenase (Table 7) . Nevertheless, this enzyme was 12 times more active in an aerated, carbon-limited culture than in the sulphate-limited culture, and 6 times more active than in bacteria grown in the most aerated Aerobic and anaerobic growth of C. freundii 93 batch culture. Once again, substantial 2-oxoglutarate dehydrogenase activity was detected in bacteria which had been grown anaerobically, and there were no correlations between the activities of lactate, alcohol and succinate dehydrogenases and the concentrations of lactate, ethanol and succinate (or fumarate) in the spent culture medium.
Soluble cytochromes with absorption maxima corresponding to cytochromes c552 and a, were readily detected in bacteria harvested from anaerobic continuous cultures (Table 8) . Furthermore, more particulate cytochrome d was formed than during growth in the corresponding batch cultures, but far less cytochrome b,,, was detected in bacteria grown anaerobically with nitrate. Cytochrome d was the dominant cytochrome oxidase in sulphatelimited cultures grown anaerobically with NaNO, or aerobically, but cytochrome o was the dominant oxidase in other cultures. As in the batch culture experiments, NADH oxidase of cell membranes was more active during aerobic than during anaerobic growth.
DISCUSSION
Cell yields from glucose in batch or sulphate-limited continuous cultures of C. freundii were only slightly higher during aerobic growth or in anaerobic cultures supplemented with nitrate or nitrite than in unsupplemented anaerobic cultures. Products typical of a mixed acid fermentation accumulated in each case. The formation of acetate instead of ethanol in cultures supplied with nitrate, nitrite or oxygen would result in substrate level phosphorylation due to the reversal of the acetate kinase reaction and would therefore explain at least part of the observed increase in cell yields. In contrast, carbon-limited continuous cultures readily adapted to a respiratory mode of metabolism when the culture was aerated and a far greater increase in cell yield resulted.
The marked variations in cytochrome complement and NADH oxidase activity between the different types of culture were entirely consistent with previously assigned functions for the various proteins : their synthesis appears to be regulated primarily by the availability of the appropriate terminal electron acceptors (Chance, 1961 ; Jones & Redfearn, 1966; Cole, 1968; Haddock et al., 1976) . In contrast, there was little correlation between the activities of lactate dehydrogenase and tricarboxylic acid cycle enzymes, other than succinate dehydrogenase, and their in vivo reaction velocity (as indicated by the rates of accumulation of products of glucose metabolism). The optimal conditions of pH, substrate and coenzyme concentrations of enzymes from C. freundii differed from those routinely used to assay enzymes from other bacteria : appropriate modifications were therefore introduced. If the activity of an enzyme assayed under its optimal conditions accurately reflects its rate of synthesis during growth, it can be concluded that the physiology of C. freundii cultures was similar during aerobic or anaerobic growth when glucose was in excess and that the pattern of metabolism was essentially fermentative. The availability of oxygen or an alternative terminal electron acceptor therefore appears not to determine the rate at which tricarboxylic acid cycle enzymes are synthesized. The least active enzyme of the tricarboxylic acid cycle during aerobic growth, succinate dehydrogenase, was derepressed 12-fold in carbon-limited continuous cultures relative to sulphate-limited cultures. This suggests that catabolite repression of succinate dehydrogenase synthesis provides a major regulatory mechanism for the potential tricarboxylic acid cycle activity in this organism. Experiments described elsewhere have provided more direct evidence for these conclusions and have also demonstrated that the enzyme assays are both reproducible and closely reflect the rates of messenger RNA transcription and translation (Keevil et al., 1977 a) . Furthermore, since brewers' wort contains a high concentration of fermentable carbohydrate, the conclusions drawn from the batch culture experiments may also be relevant to a brewery fermentation. The increasingly widespread practice of aerating wort before and during fermentation would not prevent the formation of fermentation products, and contamination by C. freundii and its products may therefore adversely affect the quality of the beer produced.
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C. W. KEEVIL, J. S . H O U G H A N D J . A . C O L E No attempt was made to distinguish between succinate dehydrogenase and fumarate reductase activities. We are therefore unable to state whether succinate dehydrogenase synthesis is also repressed during anaerobic growth, or whether fumarate reductase is repressed during aerobic growth. There is direct evidence for both types of regulatory mechanism in E. coli (Hirsch et al., 1963; Spencer & Guest, 1973) .
The most unexpected observation was the similarity in 2-oxoglutarate dehydrogenase activity in extracts of bacteria which had been grown aerobically or anaerobically (Tables  3 and 7) . Previous studies with other species have indicated that the synthesis of this enzyme is totally repressed during anaerobic growth (Amarasingham & Davis, 1965; Gray et al., 1966a; Forget & Pichinoty, 1967; Doelle et a!., 1974) . Possible explanations for this apparent discrepancy are : (i) that 2-oxoglutarate dehydrogenase synthesis in C. frcundii is catabolite-repressible and that only a basal level of activity was formed by the aerated cultures; (ii) that glutamate added to the minimal medium as a growth supplement was an inducer of enzyme synthesis even during anaerobic growth; (iii) that the gases used to generate anaerobic growth conditions contained sufficient oxygen to induce enzyme synthesis; and (iv) that this enzyme is constitutive rather than inducible. The first suggestion is unlikely to be correct because although the catabolite-repressible succinate dehydrogenase was far more active in the glucose-limited continuous culture than in the sulphate-limited culture, there was no parallel increase in 2-oxoglutarate dehydrogenase activity (Table 7) . Experiments are currently in progress to determine which, if any, of the other possible explanations are correct.
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